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Neuronal voltage-dependent calcium channels undergo inhibitory modulation 
by G-protein activation, generally involving both 

kinetic slowing and steady-state inhibition. We have shown previously 

the beta-subunit of neuronal calcium channels plays an important role in 
this process, because when it is absent, greater receptor-mediated 
inhibition is observed (). We therefore hypothesized that the calcium *~ 
channel beta-subunits normally may occlude G-protein 
-mediated inhibition. Calcium channel beta-subunits bind to the 
cytoplasmic loop between transmembrane domains I and II 

of the alphal-subunits (). We have examined the hypothesis that this loop 

is involved in G-protein-mediated inhibition by mak-ing 

chimeras containing the I-II loop of alphalB or alphalA inserted 

into alphalE (alphalEBE and alphalEAE, respectively) . This strategy was 

adopted because alphalB (the molecular counterpart of N-type channels) 

and, to a lesser extent, alphalA (P/Q-type) are G- 

protein-modulated, whereas this has not been observed to any great 
extent for alphalE. Although alphalB, coexpressed with alpha2-delta and 
betalb transiently expressed in COS-7 cells, showed both kinetic slowing 
and steady-state inhibition when recorded with GTPgammaS in the patch 
pipette, both of which were reversed with a depolarizing prepulse, the 
chimera alphalEBE (and, to a smaller extent, alphalEAE) showed 
only kinetic slowing in the presence of GTPgammaS, and this also was 
reversed by a depolarizing prepulse. These results indicate that the I-II 
loop may be the molecular substrate of kinetic slowing but that the 
steady-state inhibition shown by alphalB may involve a separate site on 
this calcium channel. 
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Agonist- or lic^^dependent phosphorylation of m^Mbrinic acetylcholine 
receptor m2 subtypes (m2 receptors) or rhodopsin by G 
protein-coupled receptor kinase 2 (GRK2) was found to be inhibited 
by calmodulin in a Ca2+-dependent manner. The phosphorylation was fully 
inhibited in the absence of G protein betagamma 

subunits and partially inhibited in the presence of betagamma subunits. 
The dose-response curve for stimulation by betagamma subunits of the m2 
and rhodopsin phosphorylation was shifted to the higher concentration of 
betagamma subunits by addition of Ca2+-calmodulin . The phosphorylation by 
GRK2 of a glutathione S-transf erase fusion protein containing a 
peptide corresponding to the central part of the third 
intracellular loop of m2 receptors (I3-GST) was not 

affected by Ca2+-calmodulin in the presence or absence of betagamma 
subunits, but the agonist-dependent stimulation of I3-GST phosphorylation 
by an I3-deleted m2 receptor mutant in the presence of betagamma subunits 
was suppressed by Ca2+-calmodulin . These results indicate that 
Ca2+-calmodulin does not directly interact with the catalytic site of 

but inhibits the kinase activity of GRK2 by interfering with the 
activation of GRK2 by agonist-bound m2 receptors and G / 
protein betagamma subunits. In agreement with the assumption that 
GRK2 activity is suppressed by the increase in intracellular Ca2 + , the 
sequestration of m2 receptors expressed in Chinese hamster ovary cells 

found to be attenuated by the treatment with a Ca2+ ionophore, A23187. 
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AB Recombinant DNA experiments using chimeric receptors containing ^ 
portions of alpha 2 and beta 2 adrenoceptors demonstrated 
structure-function relationships of adrenoceptors. The seventh 
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transmembrane dg^in determines the subtype ligaj^binding specificity 
between alpha ^0d beta 2 adrenoceptors. A furt^pi investigation by 
mutagenesis suggests that a direct interaction between subtype specific 
ligands and specific amino acids such as Phe (412) and Asn (312) in the 
seventh transmembrane domain of the alpha 2 and beta 2 adrenoceptors 
respectively. The third cytoplasmic loop is 

responsible for determining the specificity of interactions between the 
receptor and G protein. Recombinant DNA technology 
also demonstrated that seven transmembrane domains of 

adrenoceptors have a counterclockwise arrangement when viewed from the 
outside of the cell. 
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AB We have sought to determine which area of the D2 dopamine receptor's 
third 

intracellular loop contributes to G- 

protein coupling by constructing reciprocal chimeric 

D2/D3 receptors with fusion points near the center of the third 

intracellular loop. Both receptor chimeras 

were expressed equally well in Chinese Hamster Ovary (CHO) cells and 
exhibited ligand binding properties similar to those of the wild type 
receptors. Surprisingly, both of the D2/D3 receptor chimeras 
were able to effectively inhibit adenylyl cyclase activity to almost the 
same extent as that seen with the D2 receptor whereas the D3 receptor was 
without effect. These results suggest that the D2 receptor possesses two 
redundant and independent domains for G-protein 
coupling and inhibition of adenylyl cyclase activity. 
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adenosine are governed by selective activation of distinct G 
denosine receptor (AR) subtypes. The A2aAR couples via Gs to 



adenylyl cyclas^ktimulation while the A1AR coup^fc to Gi to inhibit 

adenylyl cyclas^PrTo determine regions of the A that selectively 

couple to Gs, chimeric Al/A2aARs were expressed in Chinese 

hamster ovary cells and ligand binding and adenylyl cyclase activity 

analyzed. Replacement of the third intracellular loop 

of the A2aAR with that of the A1AR reduced maximal adenylyl cyclase 

stimulation and decreased agonist potency. Restricted chimeras 

indicated that the NH2-terminal portion of intracellular 

loop 3 was predominantly responsible for this impairment. 

Reciprocal chimeras composed primarily of A1AR sequence with 

limited A2aAR sequence substitution stimulated adenylyl cyclase and thus 

supported these findings. A lysine and glutamic acid residue were 

identified as necessary for efficient A2aAR-Gs coupling. Analysis of 

chimeric receptors in which sequence of intracellular 

loop 2 was substituted indicated that the nature of amino acids in 

this domain may indirectly modulate A2aAR-Gs coupling. Replacement of the 

cytoplasmic tail of the A2aAR with the A1AR tail did not affect adenylyl 

cyclase stimulation. Thus, selective activation of Gs is predominantly 

dictated by the NH2-terminal segment of the third intracellular 

loop of the A2aAR. 
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AB Pleckstrin homology (PH) domains are discrete structural modules present 
in numerous proteins involved in signal transduction processes. In the 
case of the beta-adrenergic receptor kinase (betaARK) , PH domain-mediated 
binding of two ligands, the betagamma subunits of heterotrimeric G 
proteins (Gbetagamma) and phosphatidylinositol 4 , 5-bisphosphate (PIP2) , 
has been shown to be required for the kinase function. In this study, the 
ability of Gbetagamma and PIP2 to affect membrane localization of betaARK 
is used to define the ligand binding characteristics of the betaARK PH 
domain. The binding of these ligands to the PH domain of the intact 

kinase 

is shown to be cooperative, Gbetagamma increasing the affinity of the PH 
domain for PIP2. Notably, although PIP2-dependent membrane association of 
betaARK is observed at high concentrations of this lipid, in the absence 
of Gbetagamma, no receptor phosphorylation is observed. Peptides derived 
from the receptor intracellular loop inhibit the 

receptor phosphorylation without affecting the membrane translocation of 
the kinase complex, suggesting that betaARK activity does not necessarily 
correlate with the amount of betaARK associated with the membrane. These 
results point to a distinct role for each PH domain ligand in 
betaARK-mediated receptor phosphorylation. Strikingly, the ligand binding 
characteristics of the isolated betaARK PH domain fused to 
glutathione S-transf erase are very different from those of the PH domain 
of the intact kinase. Thus, in contrast to the native protein, the 
isolated PH domain binds Gbetagamma and PIP2 independently and with no 
apparent cooperativity . That protein environment plays an important role 
in determining the ligand binding characteristics of a particular PH 
domain highlights the potential risks of inferring mechanisms from 
studies 

of isolated PH domains. 
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AIM: To define roles of the third intracellular loop 
(IL3) length of G-protein coupled receptors in 
conferring the specificity for receptor binding and G- 
protein coupling. METHODS: By polymerase chain reaction (PCR), the 
IL3 of D2 receptor was replaced with the counter part of ATI receptor 
which has the shortest loop among all G-protein 

coupled receptors. D2/AT1 receptor cDNA was then stably transfected into 
Chinese hamster ovary cells and a clone with high level expression was 
obtained for receptor binding and agonist-induced phosphatidylinositols 
(PI) turnover experiments. RESULTS: Comparing to the D2 receptor, D2/AT1 
chimeric receptor had lower affinities for all D2 receptor 
antagonists tested (spiperone, haloperidol, (+) -butaclamol, 
chlopromazine, 

clozapine, trif luoperdazine ) and different affinity profiles to agonists 
(apomorphine, dopamine, quinpirole, bromocriptine) . But the 
chimeric receptor failed to couple to G-protein 

and subsequent stimulation of PI turnover. CONCLUSION: The length of IL3 
of D2 receptor participates defining recpetor binding sites conformation, 
and structure beyond IL3 may affect receptor G-protein 
coupling . 
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Prostaglandin E2 receptors (EPR) , which belong to the family of 
heterotrimeric G protein-coupled ectoreceptors with 
seven transmembrane domains, can be classified into four 
subtypes according to their ligand binding and G protein 
coupling specificity. Of these, EP3betaR is coupled to Gi, whereas EP4R 

coupled to Gs. EP4R, in contrast to EP3betaR, shows agonist-induced 
desensitization. The C-terminal domain and the third intracellular 
loop of these receptors have been implicated in G 
protein coupling specificity and desensitization. Here, receptor 
hybrids consisting of the main portion of rat EP3betaR and either the 
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not 



C-terminal doma^^or the third intracellular loo J^^ 

human EP4R were^Jied to study the contribution d^phe respective receptor 
domains to G protein coupling and desensitization . 
Neither the EP4 R C-terminal domain nor the EP4R third 
intracellular loop alone was sufficient to change the 

coupling specificity of the rEP3hEP4 receptor hybrids from Gi to Gs or to 
confer additional Gs coupling. However, the EP4R C-terminal domain but 

the third intracellular loop was necessary and 
sufficient to mediate rapid agonist-induced, second messenger-independent 
desensitization in the Gi-coupled hybrid receptors. 
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AB By means of the expression of two chimeric receptors, alpha2/m3 
and m3/alpha2, in which the carboxyl-terminal receptor portions, 
containing transmembrane (TM) domains VI and VII, were exchanged between 
the alpha2C adrenergic and the m3 muscarinic receptor, Maggio et al . 
(Maggio, R., Vogel, Z., and Wess, J. (1993) Proc. Natl. Acad. Sci . U. S. 
A. 90, 3103-31073) demonstrated that G protein-linked 
receptors are able to interact functionally with each other at the 
molecular level to form (hetero) dimers . In the present study we tested 

the 

hypothesis that interaction between receptors might depend on the 
presence 

of a long third intracellular (i3) loop and that shortening this loop 
could impair the capability of receptors to form dimers. To address this 
question, we initially created short chimeric alpha2 

adrenergic/m3 muscarinic receptors in which 196 amino acids were deleted 
from the i3 loop (alpha2 /m3-short and m3/alpha2-short ) . Although 
co-transf ection of alpha2/m3 and m3/alpha2 resulted in the appearance of 
specific binding, the co-expression of the two short constructs 
(alpha2/m3-short and m3/alpha2-short ) , either together or in combination, 
respectively, with m3/alpha2 and alpha2/m3 did not result in any 
detectable binding activity. In another set of experiments, a mutant m3 
receptor, m3/m2(16aa), containing 16 amino acids of the m2 receptor 
sequence at the amino terminus of the third cytoplasmic 
loop, which was capable of binding muscarinic ligands but was 
virtually unable to stimulate phosphatidylinositol hydrolysis, was also 
mutated in the i3 loop, resulting in the m3/m2 ( 16aa) -short receptor. 
Although co-transf ection of m3/m2(16aa) with a truncated form of the m3 
receptor (m3-trunc, containing an in frame stop codon after amino acid 
codon 272 of the rat m3 sequence) resulted in a considerable 
carbachol-stimulated phosphatidylinositol breakdown, the co-transf ection 
of m3/m2 { 16aa) -short with the truncated form of the m3 receptor did not 
result in any recovery of the functional activity. Thus, these data 
suggest that intermolecular interaction between muscarinic receptors, 
involving the exchange of amino-terminal (containing TM domains I-V) and 
carboxyl-terminal (containing TM domains VI and VII) receptor fragments 
depends on the presence of a long i3 loop. One may speculate that when 
alternative forms of receptors with a different length of the i3 loop 
exist, they could have a different propensity to dimerize. 
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The human vasopressin V2 receptor belongs to the large family of G 
-protein-coupled receptors, which possess seven 
transmembrane helices, an extracellular N terminus and an 
intracellular C terminus. We have determined the sequence requirements of 
the V2 receptor for membrane insertion and correct topology for the inner 
membrane of Escherichia coli with the PhoA/LacZ gene fusion 
system. In addition, we have studied the signals for its membrane 
insertion and correct topology for the membrane of the endoplasmic 
reticulum of the authentic eucaryotic transport system. To this end, we 
have extended the PhoA/LacZ gene fusion system for the first 
time to eucaryotic cells, i.e. transiently transfected COS.M6 cells. 
Truncated V2 receptor sequences were fused to PhoA and LacZ and 
expressed in both E. coli and COS.M6 cells. Cells were fractionated, and 
LacZ/PhoA activity assays and immunoblots were performed. We show here 
that a V2 receptor fragment consisting of the N terminus, the first 
transmembrane segment and the first cytoplasmic loop 

(71 amino acids) provided sufficient information for membrane insertion 
and correct orientation (extracellular N terminus) in both procaryotic 



and 



M. 



eucaryotic cells. Our data differ substantially from those obtained for 
the human beta2-adrenergic receptor expressed in E. coli (Lacatena, R. 



and Tocchini-Valentini, G. P. (1994) Proc . 
91, 10521-10525) . To establish correct 



Cellini, A. , Scavizzi, F. 
Natl. Acad. Sci. U. S. A. 
topology, 

the beta2-adrenergic receptor requires a larger receptor portion, 
including the three N-terminal transmembrane segments and/or parts of the 
second cytoplasmic loop. The present data show that 

the observations made for the beta2-adrenergic receptor cannot be applied 
to G-protein-coupled receptors generally. 
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AB The first 79 residues of the yeast Ste2p G protein 

-coupled pheromone receptor, including the negatively charged N-terminal 
domain, the first transmembrane segment, and the following positively 
charged cytoplasmic loop, has been fused to 

a Kex2p-cleavable beta-lactamase reporter. Insertion orientation was 
determined by analysis of cell-associated and secreted beta-lactamase 
activities and independently corroborated by analysis of membrane 
association and glycosylation patterns. This fusion inserts with 
exclusively N terminus exofacial (Nexo) topology, serving as a model type 
III membrane protein. Orientation is unaffected by removal of all three 
positively charged residues in the cytoplasmic loop or 
by deletion of all but 12 residues from the N-terminal domain. The 
residual -2 N-terminal charge apparently provides a signal sufficient to 
determine Nexo topology. This is entirely consistent with the 
statistically derived rule in which the charge difference, Delta (C-N), 
counted for the 15 immediately flanking residues, is the primary topology 
determinant. Mutations altering Delta (C-N) to zero favors Nexo insertion 
by 3 to 1, whereas increasingly negative values cause increasing 
inversion 

of orientation. All results are consistent with the charge difference 

rule 

and indicate that whereas positive charges promote cytoplasmic retention, 
negative charges promote translocation. 

L8 ANSWER 34 OF 79 MEDLINE DUPLICATE 25 

ACCESSION NUMBER: 96394402 MEDLINE 
DOCUMENT NUMBER: 96394402 PubMed ID: 8798508 

TITLE: The third intracellular domain of the platelet-activating 

factor receptor is a critical determinant in receptor 
coupling to phosphoinositide phospholipase C-activating G 
proteins. Studies using intracellular domain minigenes and 
receptor chimeras. 

AUTHOR: Carlson S A; Chatterjee T K; Fisher R A 

CORPORATE SOURCE: Department of Pharmacology, University of Iowa College of 

Medicine, Iowa City, Iowa 52242, USA. 
CONTRACT NUMBER: DK25295 (NIDDK) 

HL41071 (NHLBI) 

SOURCE: JOURNAL OF BIOLOGICAL CHEMISTRY, (1996 Sep 20) 

271 (38) 23146-53. 

Journal code: HIV; 2985121R. ISSN: 0021-9258. 
PUB. COUNTRY: United States 

Journal; Article; (JOURNAL ARTICLE) 
LANGUAGE: English 
FILE SEGMENT: Priority Journals 

ENTRY MONTH: 199611 

ENTRY DATE: Entered STN: 19961219 

Last Updated on STN: 20000303 
Entered Medline: 19961119 
AB Platelet activating factor (PAF) is a potent phospholipid mediator which 
elicits a diverse array of biological actions by interacting with 
G protein-coupled PAF receptors (PAFR) . Binding of PAF 
to PAFRs leads to activation of G protein(s) that 

stimulate phosphoinositide phospholipase C and subsequent intracellular 
signaling responses. To identify the potential role of intracellular 
domains of the rat PAFR (rPAFR) in signaling, we examined effects of 
transfecting minigenes encompassing rPAFR intracellular domains 1 (li), 2 
(2i), and 3 (3i) on inositol phosphate (IP) production mediated by the 
co-transf ected rPAFR cDNA. Although transfection of the rPAFRli and 
rPAFR2i minigenes had no effects on PAF-stimulated signaling, 
transfection 

of the rPAFR3i minigene inhibited PAF-stimulated IP production by 
approximately 50% compared to controls. The rPAFR3i domain did not 
inhibit 



the 



IP production i^fc.ated by the multifunctional raJ^oituitary adenylate 
cyclase-activa^^l polypeptide receptor (rPACAPI^P demonstrating the 
specificity of the competition by the rPAFR3i domain. In further 
experiments, the rPAFR3i domain was engineered onto the homologous domain 
of a monofunctional transmembrane variant of the rPACAPR (rPACAPR2) that 
activates only adenylyl cyclase. The r PACAPR2 / r PAFR3 i chimera 
responded to PACAP with increases in IP production which were attenuated 
nearly completely in cells cotransf ected with the rPAFR3i domain. In 
contrast, PACAP had no effects on IP production in a receptor 
chimera expressing a -mutated form of the rPAFR3i domain 
(rPACAPR2/rPAFR3imut ) . These results demonstrate the ability of the 
rPAFR3i domain to confer a phospholipase Osignaling phenotype to a 
receptor deficient in this activity and show that this activity is 
specific for the engineered rPAFR3i domain. These results suggest that 



third intracellular loop of the rPAFR is a primary 
determinant in its coupling to phosphoinositide phospholipase 
C-activating 

G proteins, providing the first insight into the molecular basis of 
interaction of PAFRs with signal-transducing G proteins. 
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Gonadotropin receptors are members of the seven- 

transmembrane (TM) receptor family. Several point mutations in TM 

V and VI and the intracellular loop 3 (i3) have been 

identified in the luteinizing hormone (LH) receptor gene, leading to 
constitutive activation of the receptor. Because gonadotropin receptors 
are highly conserved, we mutated the follicle-stimulating hormone (FSH) 
receptor at the corresponding amino acids. However, the FSH receptor 
mutants showed minimal increases in basal cAMP production. Taking 
advantage of this difference between the two receptors, we designed 
chimeric receptors with or without a point mutation in the i3 to 
identify the region in the LH receptor important for its constitutive 
activation. Introduction of the point mutation into chimeric 
receptors containing only TM V to VI from the LH receptor led to major 
increases in ligand-independent cAMP production. Furthermore, a 
chimeric receptor with only TM V and VI derived from the LH 
receptor can be rendered constitutively active by the mutation in the i3 
from the FSH receptor. These results suggest that interactions between TM 

V and VI of the FSH receptor are essential for maintaining the receptor 

the more constrained state, whereas interactions between these domains of 
the LH receptor are permissive for constitutively activating mutations in 
the i3. 
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Monocyte chemoattractant protein-1 (MCP-1) is a member of a family of 
chemotactic cytokines that induce directed migration of leukocytes via 
activation of seven- transmembrane domain receptors. To 

identify G-proteins that couple to the two forms of the MCP-1 receptor, 

well as to related chemokine receptors, we have performed cotransf ection 
experiments in mammalian cells. In COS-7 cells, the type A and type B 
MCP-1 receptors coupled to Galphai, Galphaq, and Galphal6, whereas the 
macrophage inflammatory protein-lalpha/RANTES (regulated on activation, 
normal T cell-expressed and secreted) receptor (C-CR1) coupled to Galphai 
and Galphaq but failed to couple to Galphal6. In HEK-293 cells, however, 
the MCP-1 receptors and C-CR1 coupled to Galphaq but failed to couple to 
Galphal6. In contrast, the interleukin-8 and C5a receptors did not couple 
to Galphaq in either COS-7 or HEK-293 cells but did couple to Galphal6. 
Exchange of intracellular loops between the MCP-1 and 
interleukin-8 receptors to create chimeric receptors revealed 
that the third loop of the MCP-1 receptor accounted for virtually all of 
the coupling to Galphaq. We conclude that the MCP-1 and related chemokine 
receptors couple to multiple G-proteins, that coupling is cell 
type-specific, and that the third intracellular loop 
of the C-C type receptors mediates Galphaq coupling. 
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We have investigated potential Gi and Gs coupling domains within the 
intracellular regions of the alpha2AAR subtype using a series of nine 
chimeric mutations. The second intracellular 
loop (ICL2, amino acids 133-149) and the amino- and 
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carboxyl-termi regions of the third intracell^fcr 

loop (ICL3, am acids 218-235 and 355-371, res^Ptively) of the 

cloned human alpha2AAR were substituted with the analogous sequence from 
either the Gs-coupled beta2AR or the Gi-coupled serotonin type 1A 
receptor 

(5-HT1AR) . Mutant and wild type alpha2AAR were stably expressed in 
Chinese 

hamster ovary cells and functional coupling of each receptor to Gi and Gs 
was assessed in membrane adenylyl cyclase assays. Substitution of 5-HT1AR 
sequence into ICL2 ablated coupling to Gs but not to Gi, whereas 
substitution of beta2AR sequence significantly depressed coupling to Gi 
but not to Gs . Thus, the ICL2 of the alpha2AAR contains elements 
essential 

for both signaling pathways. Substitution of either the amino- or 
carboxyl-terminal segments of ICL3 with 5-HT1AR sequence ablated agonist 
stimulation of adenylyl cyclase activity (without affecting inhibition) , 
suggesting that both domains are necessary for alpha2AAR coupling to Gs. 
In contrast, individual substitution of beta2AR sequence into ICL3 amino 
or carboxyl termini had no appreciable effect on Gi coupling. Concomitant 
substitution of beta2AR sequence into both regions substantially impaired 
Gi coupling, implying that each is capable of independently supporting 
functional coupling. Substitution of 5-HT1AR at either locus had no 
effect 

on Gi coupling. Thus, for Gs coupling, these two domains within ICL3 are 
both required for functional coupling. However, for Gi coupling, the 
alpha2AAR appears to have two distinct regions within ICL3 that are 
capable of supporting Gi coupling independently. There has been no 
previous elucidation of a receptor having redundant, fully competent 
domains for coupling to a single class of G-protein. 

Such duplicity of functional domains within alpha2AR may suggest strong 
evolutionary pressure to maintain Gi coupling. 
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AB The vasopressin receptor family is unique among all classes of peptide 

receptors in that its individual members couple to different subsets of G 
proteins. The Via vasopressin receptor, for example, is preferentially 
linked to G proteins of the Gq/11 class (biochemical response: 
stimulation 

of phosphatidylinositol hydrolysis), whereas the V2 vasopressin receptor 
is selectively coupled to Gs (biochemical response: stimulation of 
adenylyl cyclase) . To elucidate the structural basis underlying this 
functional heterogeneity, we have systematically exchanged different 
intracellular domains between the Via and V2 receptors . Transient 
expression of the resulting hybrid receptors in COS-7 cells showed that 
all mutant receptors containing Via receptor sequence in the second 
intracellular loop were able to activate the 

phosphatidylinositol pathway with high efficiency. On the other hand, 

only 

those hybrid receptors containing V2 receptor sequence in the third 
intracellular loop were capable of efficiently 



stimulating cA^^kroduction . These findings sugg^k that the differential 
G protein coup]^P! profiles of individual member^^f a 
structurally closely related receptor subfamily can be determined by 
different single intracellular receptor domains. 
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AB Phosphorylation of G-protein-linked receptors is 

thought to play a central role in receptor regulation and 
desensitization . 

Unlike the case of the extensively studied beta-adrenergic 
receptor/adenylate cyclase pathway, in which receptor-specific 
phosphorylation is known to be mediated by beta-adrenergic receptor 
kinase 

( beta-ARK) , the kinases responsible for phosphorylation of phospholipase 
C-linked receptors have yet to be identified, although a role for 
beta-ARK 

has been implicated. This study describes the purification of a novel 
40-kDa receptor kinase from porcine cerebellum that is able to 
phosphorylate the phospholipase C-linked m3-muscarinic receptor in an 
agonist-dependent manner. The assay for kinase activity was based on the 
ability of the kinase to phosphorylate a bacterial fusion 
protein, Ex-m3, containing amino acids Ser34 5-Leu4 63 of the third 
intracellular loop of the m3-muscarinic receptor. 
Purification of the muscarinic receptor kinase from a high speed 
supernatant fraction of porcine cerebellum was achieved using the 
following steps: (i) 30-60% ammonium sulfate cut and successive 
chromatography on (ii) butyl-Sepharose (iii) Resource Q, (iv) Resource S, 
and (v) heparin-Sepharose . The purified protein kinase represented an 
approximately 18, 600-fold purification and was a single polypeptide with 



of 



molecular weight of approximately 4 0 kDa. Based on the chromatographic 
mobility, molecular weight, and kinase inhibitor studies, the kinase, 
designated MRK, was shown to be distinct from previously characterized 
second messenger regulated protein kinases, beta-ARK, and other members 

the G-protein-linked receptor kinase family. It 
therefore represents a new class of receptor kinase. 
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Metabotropic glutamate receptors (mGluR) share no sequence homology with 
any other G-protein-coupled receptors (GPCRs) . The 
characterization of their G-protein coupling domains 
will therefore help define the general rules for receptor-G- 
protein interaction. To this end, the intracellular domains of 
mGluR3 and mGluRl, receptors coupled negatively to adenylyl cyclase and 
positively to phospholipase C, respectively, were systematically 
exchanged. The ability of these chimeric receptors to induce 
Ca2+ signals were examined in Xenopus oocytes and HER 293 cells. The 
chimeric receptors that still possessed the second 
intracellular loop <i2) of these proteins were targeted 
correctly to the plasma membrane. Consistent Ca2 + signals could be 
recorded only with chimeric mGluR3 receptors that contains i2 
and at least one other intracellular domains of mGluR3 have to be 
replaced 

by their mGluRl equivalent to produce optimal coupling to G 
protein. These observations indicate that i2 of mGluRl is a 
critical element in determining the transduction mechanism of this 
receptor. These results suggest that i2 of mGluRs may play a role similar 
to i3 of most other GPCRs in the specificity of coupling to the 
G-proteins . Moreover, as in many other GPCRs, our data revealed 
cooperation between the different mGluR intracellular domains to control 
efficient coupling to G-proteins. 
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Gonadotropin and TSH receptors represent a subgroup of seven 
transmembrane-spanning, G protein-coupled 

receptors with a large extracellular ligand-binding region. After ligand 
binding to their receptors, the majority of actions of gonadotropins and 
TSH are believed to be mediated by the cAMP-protein kinase A pathway. 
Although formation of inositol phosphates (IP) has been reported after 
stimulation of rodent gonadotropin receptors, activation of phospholipase 
C after ligand binding of human LH or FSH receptors has not been 
investigated. Human gonadotropin receptors were transiently expressed in 
29'3 cells, and the agonist-induced stimulation of IP formation was 
measured. The LH receptor responded to a saturating dose of human CG 
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with a 5 2-foldjBtocrease of IPs whereas the FSH ^fcceptor responded to a 
saturating dosl^^ FSH with only a 50% increase the basis of these 

differences and in view of the homologous nature of the two gonadotropin 
receptors, chimeric receptors were constructed using domain 
transfer to identify the regions in the human LH receptor important for 
phosphatidylinositol hydrolysis. Chimeric receptors containing 
the entire extracellular region of the FSH receptor and the seven 
transmembrane region plus the cytoplasmic tail of the LH receptor 
responded to FSH treatment with a 4.7-fold increase in IP accumulation. 

In 

contrast, the chimeric receptor with the extracellular region of 
the LH receptor and the TM region plus the cytoplasmic tail of the FSH 
receptor responded minimally (50%) to hCG treatment. When the C-terminal 
third (from TM V to the cytoplasmic tail) of the FSH receptor was 
replaced 

with the LH receptor sequence, the chimeric receptor still 
responded to FSH treatment with a large (6.2-fold) increase in IP 
release , 

similar to that of the wild type LH receptor (to hCG) , suggesting that 
C-terminal third of the human LH receptor confers IP signaling ability. 
This functional domain was further divided into two areas, namely TM V to 
TM VI and TM VII to the cytoplasmic tail. The chimeric receptors 
F(I-IV) L (V-VI) F(VII-C) R and F ( I-VI ) L-VII-C) R, in which these two regions 
of the FSH receptor were replaced by the corresponding sequences of the 

LH 

receptor, responded to FSH treatment with partial increases in 
phosphatidylinositol hydrolysis (2.0- and 3.7-fold, respectively). 
Furthermore, when TM VII and the cytoplasmic tail of the LH receptor were 
replaced with the corresponding sequence of the FSH receptor, this 
chimeric receptor showed a diminished (2.0-fold) response to hCG 
in IP release. For all the chimeric receptor constructs 

analyzed, overall expression, equilibrium binding constants, and adenyl 
cyclase activation were not altered. Thus, unlike studies using 
chimeric muscarinic and dopaminergic receptors in which the second 
and third intracellular loops were found to be 

important for IP signaling, the entire C-terminal third of the human LH 
receptor is important for IP release. Future analysis using the 
chimeric receptor approach should provide new information on the 
structure-function relationship of gonadotropin, TSH, and other 
seven transmembrane- spanning receptors. 
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AB Activation of the G protein-coupled receptor for 

parathyroid hormone ( PTH) /PTH-related protein ( PTHrP) > produces homologous 
desensitization of receptor signaling. We have shown recently that the 
opossum PTH/PTHrP receptor stably expressed in human embryonic kidney 
(HEK) 293 cells is phosphorylated upon agonist binding and upon 
activation 

of serine/threonine protein kinases (PKA and PKC) , an event which for 

some 



G protein-coup^Bk receptors has been linked to 

desensitizatioi^Jro locate the sites of phospho tion, mutated forms of 
the opossum PTH/PTHrP receptor were stably expressed in HEK 293 cells, 

and 

ligand-stimulated receptor phosphorylation was evaluated. The five serine 
and threonine residues of the third cytoplasmic loop 

of the receptor were not required for receptor phosphorylation. Basal and 
ligand-induced phosphorylation were, however, completely abolished upon 
deletion of all but the 16 juxtamembrane residues of the cytoplasmic 
C-terminal tail of the receptor, even though this truncated receptor 
resembled the wild-type receptor in its level of expression based on 
Western blotting and radioligand binding. To identify further the 
phosphorylation sites, the 129 amino acid C-terminal tail of the rat 
PTH/PTHrP receptor was expressed in E. coli as a recombinant glutathione 
S-transf erase fusion protein. Elimination of a single PKA 
consensus site in the tail (serine 491) resulted in > or = 90% loss of 
PKA-mediated phosphorylation, identifying this as the preferential site 
for PKA, with two other sites (serine 473 and/or 475) being minor sites. 
Phosphorylation by PKC occurred largely in the proximal portion of the 
tail, whereas beta-adrenergic receptor kinase 1 (beta ARK1) 
phosphorylated 

more distally in the tail. The ability of these kinases to phosphorylate 
the PTH/PTHrP receptor at distinct sites on the cytoplasmic tail may 

allow 

differential regulation of receptor signaling and trafficking. 
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AB In order to investigate the molecular basis for differences in the 

characteristics of bombesin (Bn) and m3 muscarinic cholinergic (m3 ACh) 
receptors, chimeric Bn receptors possessing cytoplasmic domains 
from the m3 ACh receptor were produced. The receptors were expressed in 
CHO-K1 cells and binding, structural, and signal transduction 
characteristics were analyzed. Cell lines bearing chimeric Bn 
receptors possessing m3 ACh receptor domains in place of either the 

second 

cytoplasmic loop (BM2L) , the third cytoplasmic 

loop (BM3L), or both loops (BM23L) each bound 1251-bombesin with a 
single affinity that was approximately the same as that of the Bn 
receptor 

(5-10 nM) . However, Bn receptors possessing the m3 ACh third 
cytoplasmic loop were severely affected in other 

respects. Internalization of ligand in Bn and BM2L cells was rapid and 
( extensive (> 80% of bound 1251-bombesin was acid-resistant) . In contrast, 
internalization was dramatically reduced in BM3L and BM23L cells 
(approximately 20% of bound 1251-bombesin was acid-resistant) . In Bn or 
BM2L cells 10 nM bombesin stimulated approximately 10-fold increases in 
phosphatidylinositol hydrolysis. Activation of Bn receptors also induced 
an increase in arachidonic acid release (478 +/- 32% of control, n = 3) 



Bn 



and large incr s in intracellular Ca2+. In cc^^rast, in BM3L or BM23L 
cells, bombesi d no significant effect on ph^^iatidylinositol 

hydrolysis. Furthermore, BM3L receptor activation did not increase 
arachidonic acid release. However, BM3L and BM23L cells showed a small 
increase in intracellular Ca2+ at high concentrations of bombesin. These 
data indicate that the third cytoplasmic loop alone, 
or together with the second cytoplasmic loop, was not 
sufficient to transfer the characteristics of G protein 
interaction between m3 ACh and bombesin receptors. Furthermore, for the 

receptor, ligand internalization does, whereas formation of the high 
affinity binding state does not, appear to require activation of G 
proteins . 
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AB The angiotensin II type 1 (AT1R) and type 2 (AT2R) receptors belong to 
the 

seven transmembrane receptor super family. Previous 

studies have suggested that the AT1R couples to a Gq signaling pathway, 
whereas the AT2R does not ass ociate with Gq. To identify the role that 
individual intracellular domains play in AT1R function, AT1R/AT2R 
chimeric receptors were prepared by substitution of 
intracellular loops. CHO cells expressing these 

chimeras were used to test angiotensin II-induced c-fos expression 

and Ca2+ mobilization which are involved in the AT1R signaling pathway 

through Gq coupling. Substitution of the second intracellular 

loop (IC2) and the cytoplasmic tail between the two receptors did 

not affect AT1R function. However, exchange of the third 

intracellular loop (IC3) resulted in the loss of 

function in the AT1R and conferred to the AT2R the ability to 

constitutively activate the fos promoter. These findings suggest that the 

third intracellular loop of the AT1R is critical for 

Gq coupling. Substitution of discrete amino acid sequences of the third 
intracellular loop indicate that its N-terminal and 

C-terminal portions, especially the seven amino acids 219-225 in the 
N-terminal portion, are important for AT1R function, and that the 
intermediate portion of this loop is not required for Gq coupling. 
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AB Each G protein-coupled receptor recognizes only a 

distinct subset of the many structurally closely related G proteins 
expressed within a cell. How this selectively is achieved at a molecular 
level is not well understood, particularly since no specific 
point-to-point contact sites between a receptor and its cognate G 
protein (s) have been identified. In this study, we demonstrate 
that a 4-aa epitope on the m2 muscarinic acetylcholine receptor, a 
prototypical Gi/o-coupled receptor, can specifically recognize the 
C-terminal 5 aa of alpha subunits of the Gi/o protein family. The m2 
receptor residues involved in this interaction are predicted to be 

located 

on one side of an alpha-helical receptor region present at the junction 
between the third intracellular loop and the sixth 

transmembrane domain. Coexpression studies with hybrid m2/m3 muscarinic 
receptors and mutant G-protein alpha q subunits showed 
that the receptor/G-protein contact site identified in 
this study is essential for coupling specificity and G- 
protein activation. 
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AB . The endothelin (ET) family of peptides acts via two subtypes of guanine 
nucleotide-binding regulatory protein (G protein 

) -coupled receptors termed ETA and ETB. ET-1 stimulated cAMP formation in 
Chinese hamster ovary (CHO) cells stably expressing human wild-type ETA 
(CHO/hETA cells) while it inhibited cAMP formation in CHO cells 
expressing 

human wild-type ETB (CHO/hETB cells), and pharmacological evidence 
indicated that the opposite effects were due to the selective coupling of 
each receptor subtype with G alpha s/G alpha i. To find out a receptor 
domain (s) that determined the selective coupling, a series of 
chimeric receptors between hETA and hETB was expressed on CHO 
cells, and the effect of ET-1 on cAMP formation in each cell line was 
tested. hETA with the replacement of second and/or third 
intracellular loop (ICLII and/or -III) to the 

corresponding region (s) of hETB failed to transmit the stimulatory effect 

of ET-1. hETB with the replacement of ICLIII to the corresponding region 

of hETA failed to transmit the inhibitory effect of ET-1. A - 

chimeric receptor with ICLII of hETB and with ICLIII of hETA 

failed to transmit both effects. In cells expressing chimeric 

receptors with ICLII of hETA and with ICLIII of hETB, ET-1 inhibited cAMP 



i.e. 



formation whil stimulated cAMP formation whe^|ells were pretreated 

with pertussis in. These results indicated tl^^oles of ICLII and -III 
of hETR as a major determinant of the selective coupling of hETA and hETB 
with G alpha s/G alpha i, respectively. We also demonstrated that each 
receptor subtype expressed on the same cell could work independently, 

for hETA to activate G alpha s and for hETB to activate G alpha i, 
resulting in dose-dependent dual effects of ET-1 on cAMP formation. 
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AB Stimulation of alpha 1-adrenergic receptors in neonatal ventricular 

cardiomyocytes induces hypertrophic changes including activation of the 
atrial natriuretic factor (ANF) gene. This receptor couples to Gq to 
activate phospholipase C (PLC) and protein kinase C, which have been 
implicated as mediators of the hypertrophic response. To directly 
determine whether receptor coupling to Gq/PLC is sufficient to induce ANF 
expression, we expressed wild-type and chimeric muscarinic 
cholinergic receptors (mAChRs) with altered G-protein 

coupling properties in cardiac myocytes and examined their ability to 
activate an ANF promoter/lucif erase reporter gene. The cholinergic 
agonist 

carbachol failed to induce transcriptional activation of the ANF reporter 
gene through endogenous Gi-linked M2mAChRs or in cells transfected with 
M2mAChRs . In contrast, in cells transfected with MlmAChRs, which 
effectively couple to Gq/PLC, carbachol increased ANF reporter gene 
expression 10-fold and also increased ANF protein, as determined by 
immunofluorescence. Carbachol-mediated ANF gene expression was inhibited 
by the mAChR antagonist pirenzepine with a Ki value characteristic of an 
MlmAChR. Studies using chimeric Ml- and M2mAChRs demonstrated 
that the N-terminal 21 amino acids of the third intracellular 
loop of the MlmAChR were required for receptor coupling to ANF 
gene expression. This region, previously shown to specify receptor 
coupling to Gq/PLC, also conferred partial activity to a chimeric 
M2 receptor. We further demonstrated that MlmAChR coupling to ANF gene 
expression was Ras-dependent since co-expression of dominant-interfering 
Ala-15 Ras inhibited MlmAChR-induced ANF expression by 60%. In contrast, 
ANF expression induced by the chimeric M2 receptor was not 
blocked by dominant-interfering Ras. We suggest that receptor coupling to 
Gq/PLC is sufficient to induce ANF expression and that a Ras-dependent 
pathway contributes additional signals required for maximal 
MlmAChR-mediated ANF gene expression. 
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5-Hydroxytryptamine (5-HT) receptors contain seven putative transmembrane 
domains and couple via different guanine nucleotide binding proteins to 
specific effector enzymes. Studies with other receptors identify the 
second and third intracellular loops or the C-terminus 

of the receptor as important for selective effector coupling. However, it 
is not known which regions of the 5HT receptor determine effector 
coupling 

specificity. To address this question, we constructed a chimeric 

5-HT receptor in which the third intracellular (i3) loop is derived from 

the 5-HT-2A receptor, which is coupled to activation of phospholipase C, 

and the rest of the sequence is derived from the 5-HT-1B receptor, which 

is coupled to inhibition of adenylyl cyclase. The chimeric 

receptor exhibited ligand binding properties similar to those of the 

5-HT-1B receptor and distinct from those of the 5-HT-2A receptor. This 

suggests that the i3 loop is not critical for the unique pharmacology of 

the 5-HT-1B receptor. In contrast, the chimeric receptor 

exhibited signaling properties similar to those of the 5-HT-2A receptor 

and distinct from those of the 5-HT-1B receptor. This indicates that the 

i3 loop determines the effector coupling specificity of the 5-HT-2A 

receptor. 
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Two main classes of glutamate receptors have been characterized, the 
ionotropic (iGluRs) and the metabotropic (mGluRs) glutamate receptors. In 
order to better understand the function of the latter, we have used the 
technique of gene targeting to generate mice in which the mGluRl subtype 
has been inactivated. The disruption was carried out by homologous 
recombination in embryonic stem (ES) cells at the level of the 
seven-membrane domain, leaving the extracellular part of 

the receptor untouched. In addition, the reporter gene lacZ was inserted 
in frame with mGluRl coding sequence within the second 
intracellular loop of the receptor. The transmission of 
the mutation to the germ line showed first that the fusion 
protein was functional and second that mGluRl was inactivated. Therefore, 
the way homologous recombination was performed in ES cells demonstrated 
that gene replacement of mGluRl by lacZ could be a powerful technique to 
disrupt a gene and at the same time study its endogenous expression. 



